An experimental study of hierarchical control laws for grasping and manipulation using a two-fingered planar hand by Hollerbach, Karin et al.
Proceedings of the 1992 IBEE 
Intematimal Conference m Robotics and Automatim 
Nice, Fnnce • May 1992 
An Experimental Study of Hierarchical Control Laws for Grasping 
and Manipulation using a Two-Fingered Planar Hand 
Karin Hollerbach 
Department of EECS 
University of California 
Berkeley, CA 94720 
Richard M. Murray 
Department of Mechanical Engineering 
California Institute of Technology 
Pasadena, CA 91125 
S. Shankar Sastry 
Department of EECS 
University of California 
Berkeley, CA 94720 
Abstract 
We compare the performance of hierarchical and single-
level controllers in a grasping context, and we conclude that 
for rapid, planar grasping motions of heavy objects the per-
formance of a hierarchical control structure is superior to 
that of the two single-level controllers tested. Although the 
theory discussed here applies to grasping problems of arbi-
trary complexity, we focus on planar, two-fingered grasping 
for the sake of clarity and to simplify implementation and 
experimental testing of the proposed control algorithms. 
1 Introduction 
Interest in complex, multi-fingered robotic hands 
has seen an increase in the last few years, as advanced 
designs and a rigorous theory used to describe them 
have been developed. Early research on multi-fingered 
hands focused on the description of hand kinemat-
ics [8] and on the generation of stable grasps [13]. 
Other researchers have developed simple algorithms 
used in grasping control of single hands [7, 10] as well 
as control of associated groups of robots, cooperating 
to perform a single task [1, 12]. 
Advances in multi-fingered hand design are read-
ily apparent when perusing the literature: the more 
well-known designs include the Utah-MIT hand [4], 
the Stanford/JPL hand [14], the NYU hand [2]. How-
ever, the problem of overcoming the computational 
burden associated with control of some of the more 
complicated hand designs has not been adequately ad-
dressed. In response to the computational difficulties 
surrounding control of complicated robotic hands we 
seek an approach to multi-fingered hand control that 
significantly reduces the computational burden placed 
on the controller while improving the grasping per-
formance of the hand, and that is essentially design-
independent. A beginning in the development of such 
an approach was made in [9], and the experimental 
results presented here may be considered an imple-
mentation of the basic philosophy of hierarchical robot 
control as laid out there. 
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In this paper we compare the performance in a pla-
nar grasping task of a hierarchical control algorithm 
with that of single-level controllers containing no hi-
erarchical structure. We then describe the methods 
and the hardware used in the experimental compari-
son of the controllers' performance and subsequently 
present the experimental evidence demonstrating the 
superior performance in rapid, planar movements of 
heavy objects of the hierarchical controller. 
2 Hierarchical Control of Grasp Dy-
namics 
Following the results of [11], the equations of mo-
tion for a multi-fingered hand grasping an object can 
be written as 
M(q)x + C(q, q)x + N(q, 4) =Fe+ GJhT r (1) 
where q = ( 0, x )T, 0 represents the finger joint an-
gles, x is the configuration of the object, and Fe is the 
external force applied to the object. We also define 
the hand Jacobian matrix, Jh, the grasp map, G, and 
the set of applied joint torques, r. In the object frame 
of reference, M is the matrix of the effective mass of 
the system, and C is the effective Coriolis and cen-
trifugal matrix. These matrices include the dynamics 
of the fingers, which are being used to actually control 
the motion of the object. However the details of the 
finger kinematics and dynamics are effectively hidden 
in the definition of Mand C. 
We note, from the equations of motion (1), that, 
in the absence of external forces, if the fingertip force, 
JhT r, is in the null space of G then the net force in 
the object's frame of reference is zero and causes no 
net motion of the object. This force acts against the 
constraint and is generally termed an internal or con-
straint force. We can use this internal force to satisfy 
other conditions, such as keeping the contact forces 
inside the friction cone. 
To illustrate the control of robot systems, we re-
view an important controller that has appeared in the 
robotics literature, a variant of the proportional-plus-
derivative controller (PD) [5] and apply it to systems 
of the form described in equation (1). 
In PD controllers the desired stiffness (and poten-
tially damping) of the end effector is specified. Con-
sider the control law 
F = M(q)id + C(q, q)i:d + N(q, q) + Kve + Kpe (2) 
where F is the force required to move the object along 
the desired trajectory, :Z:d, e is the trajectory position 
error, and Kv and Kp are symmetric positive definite 
gain matrices. Using a Liapunov stability argument, 
it can be shown that the actual trajectory of the robot 
converges to the desired trajectory asymptotically (5). 
A multi-fingered robot hand can be modeled as a 
set ofrobots that are connected to an object by a set of 
constraints. In [9), a system was proposed for building 
hierarchical control laws for complex interconnected 
robotic systems. We apply that formulation here. In 
designing hierarchical controllers such as the one used 
here, a key issue is how to properly model a robot that 
has a controller attached to it. For controllers that are 
very fast relative to higher levels, it is often a good 
approximation to model the robot as an ideal force 
generator, with no mass, implying that controllers at 
higher levels can ignore the dynamic properties of the 
robot, since these properties are being compensated 
for at a lower level. 
In order to demonstrate stability of the hierarchical 
control scheme proposed here, we model the scheme as 
a two-step hierarchy: a low level PD at the motor level 
and a high level PD-type control for the "hand". Stan-
dard singular perturbation arguments [6) may be used 
to show that the scheme is exponentially convergent, 
provided that the low level controller is fast enough, 
that is, provided the sample period is small enough. 
3 Experimental Setup 
The control algorithms presented here have been 
implemented on a multi-fingered hand, known as 
Styx [10]. Styx is a two-fingered, planar hand, with 
each finger consisting of two revolute joints and two 
links. The distal links are capped by small rub-
ber cylinders that serve as fingertips and as contact 
"points" between the fingers and the object that is 
to be manipulated. A diagram of Styx is shown in 
Figure 1. 
The motors used to drive Styx are direct-drive DC 
motors mounted at the base of each link and are driven 
with a pulse-width modulated 20 kHz square wave. 
Each motor contains a quadrature encoder used to 
sense joint position. The resolution for the proximal 
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Figure 2: Hardware Supporting Styx 
motors is 3600 counts per revolution and for the distal 
motors 2000 counts per revolution. Styx is connected 
to an IBM PC/ AT running at 6 MHz with an 8087 
floating point coprocessor. The motors and encoders 
are interfaced to the AT using a set of four HP HCTL-
1000 motion control chips interfaced to the AT bus. A 
view of the interconnection of the hardware supporting 
the Styx system is shown in Figure 2. The parame-
ters associated with Styx kinematics and dynamics are 
shown in Table 1. 
In the discussion of the tracking performance of the 
hierarchical structure we assumed the existence of two 
Link Lengths L1, R1 15.3 cm 
L2 12.16 cm 
R2 11.8 cm 
Fingertip Radius r1 1.7 cm 
Base Separation B 20.0 cm 
Link Mass MLi, MRl 53 g 
ML2 17 g 
MR2 20 g 
Distal Motor Mass M2 328 g 
Fingertip Mass M, 3 g 
Motor Inertia J1 18 g cm2 
h 1.74 g cm2 
Table 1: Styx Parameters 
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Figure 3: Control hierarchy for Styx, showing control 
of the desired and actual object trajectories, xd and 
Xact, respectively, and the specified internal force, f N. 
continuous time controllers, a high level PD plus feed-
forward controller in object coordinates as well as a 
low level PD controller injoint angle coordinates. Here 
we describe the implementation details of the hierar-
chical structure, including the points of departure of 
the implementation from the theory. 
Assumptions made to simplify implementation of 
the control algorithms presented here include: the mo-
tor dynamics can be ignored; the fingertips can be 
modeled as fixed point contacts; the Coriolis and fric-
tional forces are ignored. In order to implement the 
two-level hierarchical structure, we actually used the 
three-level structure shown in Figure 3. The upper 
two levels, consisting of a primary and a secondary 
control loop, are written in the C programming lan-
guage, using the Microsoft 5.1 Optimizing C compiler. 
An assembly language scheduler controls the sample 
rates of the control loops. 
In the left portion of Figure 3 we see the highest 
control level, the secondary control loop running at 10 
Hz. At this level we calculate the inverse kinematics 
of the object's desired trajectory (Xd in Figure 3) and 
perform the high level control functions when we put 
Styx into the hierarchical control mode. We present 
results of the high level PD +feedforward controller in 
object coordinates. 
The lower level of the control hierarchy consists of 
the low level software block shown in Figure 3 in ad-
dition to the hardware block to the right of it. The 
purpose of the primary control loop that represents the 
low level is to write at a frequency of 100 Hz directly to 
the motion control hardware the current commanded 
joint angles received from the secondary loop. In addi-
tion, the low level controller is capable of a simple, lin-
ear joint angle interpolation that allows the low-level 
controller to gradually command the joint position to 
move from the position commanded by the high-level 
controller at one time step to the position commanded 
at the following time step. 
At the lowest level of the control hierarchy exists 
the HP HCTL-1000, a digitally sampled, general pur-
pose motor controller. We used the HCTL-1000 in the 
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Beam Box 
Mass 245 33 g 
Moment of Inertia 1.8 x 103 1.3 x 103 g cm2 
Length 12 17 cm 
Table 2: Object Parameters 
implementation, because it had already been built into 
the existing hardware. In the analysis, our assumption 
was that the digital sampling of the controller was fast 
enough so that we could approximate it by a continu-
ous time PD controller. 
Programmable variables in the HCTL's position 
control include the sampling time, T, as well as the 
parameters associated with the digital filter used to 
compensate for closed loop system stability: 
D( ) = K(z - A/256) 
z 4(z + B/256) (3) 
Since the HCTL-1000 was used in its position con-
trol mode, we did not directly send desired torque 
commands to the H CTL controller. When we needed 
to apply a particular torque, we calculated a virtual 
position error which, when multiplied by the DC gain 
of the position controller, yielded joint torques. The 
calculated joint torques equaled the desired torques as 
long as the trajectory was slow enough relative to the 
time constants associated with the HCTL controller 
that we could use the DC approximation. 
The control system was tested with each of 
three different progressively more complicated control 
schemes, each building on the one(s) before: setpoint 
control without joint interpolation, setpoint control 
with joint interpolation, and hierarchical control (in-
cluding set point control with joint interpolation at the 
lower level and PD plus feedforward at the high level). 
4 Experimental Results 
In the experimental results presented here, we used 
two different objects, each suited to meet the needs of 
the particular trajectory being tested. In the first set 
of trajectories, we used a metal bar that was loosely 
attached to the fingertips via pin joints. The parame-
ters associated with this object are shown in the col-
umn labeled "beam" in Table 2. The second object 
used in the experiments was a cardboard box, the di-
mensions of which are also shown in Table 2, in the 
column labeled "box" . 
The HCTL-1000 parameters used in the generation 
of the figures shown were the chips' default parame-
ters: Gain, Kd = 64; Zero, A = 229; Pole, B = 64; 
Sample Freq, ~ = 1.9 KHz. The commanded tra-
jectories for the objects' centers of mass were circular 
trajectories of radius 2.5 cm, centered at x = 1.3 cm, 
y = 21.2 cm relative to the midpoint between the two 
proximal motors, as shown in Figure 1, with frequen-
cies of 1.0 Hz for the "beam" and 0.25 Hz for the 
"box". The orientation of the objects was to remain 
at zero throughout each movement. We chose the high 
level control gains by assuming the presence of an ideal 
low level controller which does a perfect job of control-
ling the fingers. As a result, we were able to ignore at 
the high level the finger dynamics and write a control 
law that considered only the object dynamics, which 
consisted of a simple second order system with a di-
agonal inertia matrix. To this simple, ideal system, 
we applied linear control theory and selected a rolloff 
above the trajectory frequencies and a damping ratio 
of 0.5, by choosing the high-level control gains to be 
K" = 2 and Kp = 4. These gains, which would have 
yielded exactly the desired second order response in 
the ideal case resulted in acceptable performance in 
the actual system. In each trial, we determined that 
collecting data for a period of 20 seconds (5 cycles 
each for the slow trajectories and 20 cycles each for 
the fast motions) was entirely sufficient for our pur-
poses, yielding consistent results. In the slow move-
ments we applied an internal force of 3 x 104 dyne; 
due to hardware limitations, during rapid movements 
we used an object that we could loosely attach to the 
fingertips, enabling us to use smaller internal forces 
(3 x 103 dyne) without losing contact with the object. 
Figures 4-6 depict the performance of the three 
different controllers, the setpoint controller (non-
hierarchical), the setpoint controller with low-level 
joint velocity interpolation, and the hierarchical con-
troller. The rather poor performance of the setpoint 
controller can be judged quickly by examining Fig-
ure 4(a), which shows the actual trajectory of the ob-
ject's center of mass. A large overshoot, primarily in 
the horizontal, z, direction is evident. 
The second controller that was used, the joint inter-
polation controller, was non-hierarchical as well. Al-
though the trajectory shown in Figure 4(b), was found 
to be smoothed out more, we found the same over-
shooting of the goal trajectory that occurred in Fig-
ure 4(a). The problem that remained to be addressed 
was the object's mass, a parameter that was not taken 
into account at the lower level. 
A significant improvement in the trajectory track-
ing performance was found when a high-level con-
troller that corrected for the object's tracking errors 
was superimposed upon the existing low-level control 
2773 
Setpoint Joint lntip. Hiemrchical 
:[9[9@] 
-4 0 4-4 0 4-4 0 4 
(a) (b) (c) 
Figure 4: Actual and commanded object trajectories 
with setpoint controller (a), joint interpolation con-
troller (b), and hierarchical controller ( c) in Cartesian 
space with weighted beam; commanded circular tra-
jectories are shown within each graph (fast trajectory). 
structure. By calculating the torques required to bring 
the object back to the desired trajectory, the high-
level controller was able to compensate for and mini-
mize the trajectory errors in the object's (Cartesian) 
coordinates, as shown in Figure 4(c). The overshoot 
that so grossly disfigured the trajectories of the two 
non-hierarchical controllers disappeared, resulting in 
a much better overall tracking performance. 
In the figures showing data in "box-plot" form (Fig-
ures 5-6), the top and bottom of the boxes correspond 
to the twenty-fifth and the seventy-fifth percentiles of 
the given variables, while the horizontal lines through 
the boxes correspond to the median values of the vari-
ables. The vertical lines have ends that extend beyond 
the quartiles by a distance equal to one and one-half 
times the inter-quartile range. 
In Figure 5 we show the calculated box position 
error, for the setpoint controller (a), the setpoint con-
troller with interpolation (b), and the hierarchical con-
troller ( c) for the same trajectories that were depicted 
in Fi ure 4. For each controller, the error is given 
by (Xact - Xa)2 + (Yact - Ya) 2 • Again, the marked 
improvement of the performance of the hierarchical 
controller over the performance of both single-level 
controllers is evident. 
The improvement in the object's position tracking 
that we found when using the hierarchical controller 
was, unfortunately, not mirrored in the object's orien-
tation, as can be seen in Figure 6. One possible cause 
is a poor approximation of the moment of inertia of 
the object. Due to the configuration of the system, a 
very slight shift in the fingertip position can cause a 
relatively large orientation error in the object. Thus, 
any error in the calculation of the object's moment of 
inertia can cause an error in the orientation portion 
of the feedback control, which, in turn, can cause a 
significant orientation error in the object. 
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Figure 5: Deviation (in cm) from commanded trajec-
tories of actual object trajectories with setpoint con-
troller (a), joint-interpolation controller (b ), and hier-
archical controller ( c) when using weighted beam (fast 
trajectory). 
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Figure 6: Deviation (in radians) from commanded ob-
ject orientation of actual object orientation with set-
point controller (a), joint interpolation controller (b), 
and hierarchical controller ( c) from commanded tra-
jectories when using weighted beam (fast trajectory). 
The reasons for using the beam in the controller 
comparisons were to enable us to track high-speed 
trajectories with heavy objects without saturating the 
motor output. However, we wish to point out that the 
system is, in fact, capable of standard "grasping" ma-
nipulation. We tested the performance when the three 
controllers were used to manipulate the lighter object 
("box") in tracking the slow (0.25 Hz) trajectory. As 
expected, at slow speeds and when using small object 
masses, the differences between the single-level con-
trollers, which did not take into account the object's 
parameters, and the hierarchical controller became in-
significant. The object's trajectory, box plot of posi-
tion error, and orientation error as a function of time 
are shown for the three controllers in Figure 7. 
The commanded internal force exerted on the ob-
ject by the hand was kept at a constant value, 3 x 
104 dyne, in all of the slow trajectory experiments 
shown here. This value was chosen, since it seemed an 
2774 
'I:~Jffi 
:T·~ +, +· ~· ·1 
:~~][~~ 
0 10 0 10 0 10 
Timo(oec) 
00 00 ~ 
Figure 7: Object trajectory, box plot of object posi-
tion error, and object orientation error as a function 
of time for setpoint controller (a), setpoint controller 
with joint interpolation (b), and hierarchical controller 
( c) (slow trajectory). 
adequate compromise between holding the object with 
a minimum of slipping and forcing the grasp to become 
unstable. This potential instability due to a large "in-
ternal force" was a real problem that needed to be 
addressed: the grasp and Jacobian matrices, used in 
the internal force calculation, were updated at the rel-
atively slow speed of the high-level control loop. As 
a result, the calculated "internal" force contained a 
small, at times significant, portion that lay outside of 
the grasp matrix's null space. An even more signif-
icant contributing factor, perhaps, was the amplifier 
gain "drift" over time, which made precise calibra-
tion of the system an extremely difficult task, and one 
that would need to be repeated throughout the life 
of the robot components. We stress this difficulty in 
calibration, because it goes beyond the need to pre-
cisely measure the kinematic parameters associated 
with the robotic hand and the object. In general, we 
found that high commanded internal forces interfered 
significantly with proper tracking behavior and with 
stability. 
4.1 Discussion of Results 
The results discussed here represent an experimen-
tal confirmation of the predicted stability of the hier-
archical control structure under the conditions given. 
In particular, the assumptions regarding the separabil-
ity of the choice of control parameters as well as the 
time scales of adjacent control structures have been 
validated experimentally for the planar, two-fingered 
system used here. Furthermore, the validity of the 
assumption that the frequencies inherent in the tra-
jectories were low enough to merit the steady-state 
approximation of the HCTL-1000 gain was confirmed. 
We surmise that the poor tracking performance of 
the single level controllers was a result of neglecting 
the object's dynamics in the overall control scheme. 
The speed at which the single-level controllers needed 
to be operated placed strict limits on the amount of 
computation that could be completed within the con-
trol loop, thereby effectively excluding the possibility 
of moving the computation of the dynamics of the en-
tire system into the lower level. Clearly, a scheme 
making use of the best of both controller complexity 
and controller speed was required. 
There are many areas in the design, analysis, and 
testing of hierarchical control algorithms pertaining 
to grasping that need to be investigated more fully. A 
more complete discussion of these areas may be found 
in [3]. 
5 Conclusion 
Based upon the experiments performed on Styx 
thus far, the most effective control scheme in fast 
movement of heavy objects is the hierarchical con-
trol scheme. Hierarchical control schemes have the 
advantage of being able to run simple, lower levels at 
high speeds, thus rapidly correcting for tracking er-
rors in fast movements, while running at lower speeds 
more complicated higher levels that improve the over-
all performance by incorporating system dynamics far 
removed from the low level actuators. Although the 
experimental results presented here are based solely 
upon work done with a simple, planar system, the ad-
vantages of using a hierarchical control scheme can 
easily be applied to more complicated systems; in the 
implementation of the control structure, we made no 
use of simplifying assumptions based upon the sim-
plicity of the system. 
Our comparison of hierarchical and single-level con-
trol schemes has at once provided an indication of the 
advantages of using hierarchical control algorithms in 
grasping control and introduced a variety of open re-
search questions relating to the theory and the appli-
cation of hierarchical control in multi-fingered grasp-
ing situations. 
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